Summary.
Various cells from the monocyte-macrophage line, a few neutrophils and some lymphocytes were found in the non-myelinated white matter of Jimpy mice, though there was no vascular injury to the brain parenchyma.
Some of the lymphocytes appearing in the white matter were in close contact with macrophages, and occasionally with young oligodendrocytes.
Such lymphocytes were mainly of the small type with few cell organelles in a scanty cytoplasm, though a few were of the medium type with a moderate amount of cell organelles in an enriched cytoplasm.
Macrophages in the non-myelinated white matter displayed a highly heterogeneous cytoplasm.
In particular, "cytoplasmic compartments" in macrophages displayed specific structures differing from the inclusion bodies generally seen in phagocytic cells.
The contents of such "cytoplasmic compartments" were rather similar to parts of the macrophage's own cytoplasm, though they were isolated from the cytoplasm by a membrane and gaps.
Our findings would seem to support the previous presumption that inherited myelin deficiency in Jimpy mice is induced by a T-cell mediated autoimmune response.
In a previous report (IMAMOTO, 1985) , we clarified the astrocytal hypertrophy and hyperplasia occurring in the non-myelinated white matter of Jimpy mice, and mentioned that the astrocytal alteration must be a change secondary to a principal one occurring in the oligodendrocyte cell line. As a matter of fact, cell counting ascertained that mature oligodendrocytes capable of myelin formation were rarely observed among naked axons even at 21 days after birth, while degenerating cells and macrophages increased in number.
Thus, we assumed that certain genetic factors might accelerate the degeneration of oligodendrocytes during the postnatal brain development, especially around the time of the onset of myelinogenesis.
Recently various myelin components and extracts from the central nervous system have come to be regarded as antigens.
These substances are capable of causing experimental allergic encephalomyelitis and neuritis by inoculation with Freund's ad juvants (EYLAR, 1978; HUGHES and POWELL, 1984) . The mechanism of demyelination in experimental allergic encephalomyelitis and neuritis has not been well explained, but its immuno-pathologic aspects have been described (LAMPERT, 1969; BROWN et al., 1982; SAIDA et al., 1983) . It seems that experimental allergic encephalomyelitis is mediated by T-lymphocytes sensitized to bacic protein (EYLAR, 1978; BEN-NUN and COHEN,1982) . It is also said that anti-brain antisera inhibits the differentiation of oligodendrocytes and myelination in cultured brain tissue (DIAz et al., 1978) and antisera from experi-mental allergic encephalomyelitis lead to demyelination in the myelinated tissue (BORNSTEIN and RAINS, 1976; JOHNSON et a1.,1979) . Terefore, the possible participation of humoral and cell mediated immune responses was taken into consideration in experimental allergic encephalomyelitis and neuritis. Furthermore, not only antisera but also lymphocytes obtained from multiple sclerosis patients responded to the myelin sheaths as well as oligodendrocytes (SHEREMATA et al., 1978; TRAUGOTT et al., 1981) . Thus, we are inclined to consider that myelin precursors synthesized by oligodendrocytes in Jimpy mice sensitize lymphocytes for involvement in an autoimmune response, and that oligodendrocytes themselves are attacked by such lymphocytes.
By means of electron microscopy, we obtained evidence in support of the idea that myelin deficiency in the Jimpy mouse was induced by a cell-mediated immune response.
MATERIALS AND METHODS
Jimpy mutants and normal littermates, aged 18-23 days and raised in our animal center (IMAM0T0, 1985) , were used in this experiment.
The animals were perfused with a chilled fixative composed of 3% glutaraldehyde and 2°o paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. The brain was sliced with a vibratome in 200 sam-thick sections. The sections were trimmed into small rectangles and postfixed with 1 % osmium tetroxide in 0.1 M phosphate buffer for 1 hr at 4°C. After dehydration in graded ethanol solutions, the brain pieces were embedded in Epoxy resin. Both frontal and sagittal sections were cut with an ultramicrotome.
After staining with both uranyl acetate and lead citrate, the sections were examined in a H-600 or H-700 electron microscope.
RESULTS
Astrocytes observed in the non-myelinated white matter of Jimpy mice displayed an accumulation of glycogen particles and gliofilament bundles in the expanded cytoplasm ( Fig. 1) . Although myelinogenesis proceeded in the white matter of the controls, only a few myelinated axons were seen among naked axons in Jimpy white matter, even at 3 weeks after birth.
Myelin sheaths observed in Jimpy mice displayed somewhat abnormal features. Impaired myelin sheaths were always thin and composed of undulated and uneven lamellae. Loose spirals with partial compaction of lamellae also encircled some axons. These findings were not attributed to demyelination since the lamellar stacks or myelin remnants observed in experimental allergic encephalomyelitis and neuritis, and multiple sclerosis were rarely observed in Jimpy mice (LAMPERT,1969; PRINEAS and WRIGHT, 1978; RAINE et al., 1980; BROWN et al., 1982) . Occasional whirl-like structures or membranous lamellar bodies were present in the intercellular space with no contact to axons and also at the periphery of oligodendrocytes.
Only a few young oligodendrocytes showed intact perikarya (Fig. 5) ; mature oligodendrocytes were never seen. The dark degenerating cells frequently observed in non-myelinated white matter were regarded as cells originally belonging to the oligodendrocyte group. Axonal degeneration was seldom found.
Hematogenous cells auch as neutrophils, lymphocytes and the variable cells on the monocyte-macrophage line appeared in the Jimpy white matter, although there was no 299 local inflammation and no vascular injury to the brain parenchyma. Neutrophils and lymphocytes were relatively few, while macrophages gradually increased in number with time. They were dispersed throughout the white matter and never congregated as inflammatory leukocyte infiltration in the vicinity of the vascular wall, as reported The macrophage shows numerous vacuoles with a dense core and a few dense bodies in various shapes.
The hypertrophic astrocyte accumulates numerous gliofilaments and glycogen particles.
x 13,000
Fig. 2. Neutrophil in the cerehellar medulla of an 18-day-old Jimpy. Dense bodies corresponding to azurophilic granules (arrow heads) and specific granules (arrows) are rather indistinct in the cytoplasm, which is darker than usual. Glycogen particles are increased in number. Note the long filopodia around the axons. x 15,000 The small lymphocyte has a typical nucleus with a nucleolus (V) and dense clumps of chromatin in its periphery.
In the thin cytoplasm, only free ribosomes are seen.
x 14,000 in experimental allergic encephalomyelitis and neuritis, and multiple sclerosis (PRINEAS and WRIGHT, 1978; RAINE et al., 1980; SAIDA et al., 1983) .
Neutrophils were characterized by a lobulated nucleus, a mass of glycogen particles, lysosomal dense bodies, and a few small dense particles corresponding to neutrophil specific granules (Fig. 2) . The cytoplasmic matrix of neutrophils observed in Jimpy white matter was denser than usual, so that cell organelles were indistinct. These neutrophils often extended their pseudopodia around the naked axons.
Lymphocytes appearing in non-myelinated Jimpy white matter were mainly of the small type (Fig. 4-7) . They had a small spherical nucleus with dense chromatin patches and a scanty cytoplasm containing free ribosomes and polysomes. Lymphocytes with a larger cytoplasm were regarded as being of the medium type (Fig. 9) . Most lymphocytes examined in the Jimpy white matter displayed some adherence to either macrophages or oligodendrocytes (Fig. 5-7,9 ). The contacting zone between two cells showed some interdigitation, but no particular adhesion apparatus.
Concerning macrophages, the majority was of the fatty or foamy types, containing lysosomal dense bodies, vacuoles and lipid droplets in various sizes (Fig. 1, 2) . Some of them were similar to the monocytes and ameboid macrophages observed in newborn rats (IMAMOTO et al., 1982) . The other type of macrophages exhibited unique structures tentatively called "cytoplasmic compartments," besides ordinary inclusion bodies. These structures were distinctly separated from the macrophage cytoplasm by a membrane and an empty space, referred to as a gap (Fig. 6-8 ). The contents of the "cytoplasmic compartments" resembled some of the cell components of macrophages.
Thus, mitochondria, rough endoplasmic reticulum and ribosomes were identifiable in the The contacting elements show interdigitations. The lymphocyte has a slightly larger cytoplasm than in the previous ligures. Numerous free ribosomes are present in the cytoplasm.
x 16,000 "cytoplasmic compartments ." They were elongated in shape, varied in size and situated throughout the cytoplasm. It is likely that the small "compartments" crowded into the cytoplasm fuse to become the longer rods found in granular matrix (Fig. 9) . Up to the later stages of development, such rod-like structures were clearly recognized, differing from other residual bodies in some macrophages.
DISCUSSION
Previous authors regarded histogenic changes in Jimpy white matter as sudanophilic leukodystrophy inherited by sex-chromosome (SIDMAN et al., 1964; TORII et al., 1971) . They reported that lipid-containing cells in Jimpy mice were macrophages with myelin breakdown products. MEIER and BISCHOFF (1975) assumed that the lipid inclusions in the cells represented precursors of myelin, which had failed to form into normal membrane, and accumulated in the cytoplasm of oligodendrocytes; this view was based on the fact that lipid-containing cells appeared prior to the onset of myelination in a greater number in Jimpy mice than in controls.
Although these authors paid no attention to the immunohistological aspects in Jimpy mice, we emphasized the possibility that the myelin deficiency was an autoimmune disease (IMAMOTO, 1985) . Furthermore, we had the impression that hypomyelination in Jimpy mice was different from that in Quaking mice, the latter being autosomal recessive mutants whose hypomyelination was attributed to the unavailability of synthesized lipids for myelin formation (WISNIEWSKI and MORELL, 1971; WATANABE and SINGLE, 1972) . In Jimpy mice, we observed that the lipid-containing cells were mainly macrophages and the majority of oligodendrocytes were destined to degenerate prior to the onset of myelinogenesis.
The "cytoplasmic compartment" described here probably corresponds to the membranous tubes reported by MEIER and BISCHOFF (1975) . They mentioned that those structures appeared in abnormal oligodendrocytes, representing hypertrophied smooth endoplasmic reticulum.
In spite of some difficulty in cell identification, we proposed that the cells showing "cytoplasmic compartments" were macrophages rather than oligodendrocytes, since these "cytoplasmic compartments" were almost always intermingled with other inclusion bodies characteristic of macrophages. The contents of the "cytoplasmic compartments" were similar to those of macrophages; the compartments originally seemed to differ from the inclusion bodies engulfed by macrophages.
The appearance of a moderate number of lymphocyte and macrophages in Jimpy white matter implied a local immune response besides the phagocytic function of the non-specific body defense system.
In particular, close contact between macrophages and lymphocytes is effective not only for the exchange of immuno-information to produce antibodies but also for the stimulation of T-lymphocytes to attack oligodendro- cytes.
The contacting zone between a lymphocyte and an oligodendrocyte might also have some additional immunological meaning.
In the experimental allergic encephalomyelitis and neuritis and also in multiple sclerosis, marked demyelination was generally associated with the perivascular inflammatory infiltration of mononuclear cells and polymorphonuclear leukocytes (LAMPERT, 1969; PRINEAS and WRIGHT, 1978; BROWN et al., 1982; SAIDA et al., 1983 As an immune response, these cells were enhanced to destruct the antigencontaining regions of the plasma membrane of oligodendrocytes (EPSTEIN et al., 1983) .
Lymphocytes obtained from the patients of multiple sclerosis responded well to the cultured oligodendrocytes (TRAUGOTT et al., 1981 , 1978; JOHNSON et al., 1979; MA et al., 1981; BROWN et al., 1982) and the removal of the antiserum led to a rapid remyelination (GRoss et al., 1983) . Providing that oligodendrocytes in Jimpy mice produce antigenic lipoproteins incorporating into parts of the plasma membrane, the mesaxons and oligodendrocytes might become the targets of the sensitized lymphocytes or antibodies.
Since no blood-brain-barrier exists in the early postnatal period, abnormal oligodendrocytes may receive the influence of both humoral and cell-mediated immune responses.
With the establishment of the blood-brain-barrier in the central nervous system, antibody invasion into the brain parenchyma is probably inhibited.
Macrophagic ameboid cells appearing in newborn controls generally decrease in number with time as reported in rats (IMAMOTO et al., 1982) . The fact that the number of various hematogenous cells increased in Jimpy white matter throughout the life span suggests the activation of an immune response besides the non-specific phagocytosis.
Macrophagic ameboid cells already existing in newborn mice might participate in an initial response, and thereafter blood monocytes and lymphocytes sporadically enter the brain. The fact that the vascular wall was completely intact without inflammatory infiltration may imply that the leukocyte invasion occurred before the entire formation of the blood-brain-barrier.
If some oligodendrocytes differentiate from glioblasts after the establishment of the blood-brain-barrier, they may have few chances to meet antibodies and killer T-cells. Therefore, it is reasonable that a small number of myelin sheaths should appear in Jimpy white matter.
It is well known that neutrophils and macrophges participate in antigen recognition and that their immuno-informations are transferred to lymphocytes. Although there was no plasma cell in the Jimpy white matter, antibody participation in the myelin deficiency or the destruction of oligodendrocytes can not be excluded. In fact, it is also difficult to exclude the possbility that the immunofunction of lymphocytes is affected instead of the oligodendrocyte abnormality.
Further experiments are required to solve the role of lymphocyte-macrophage and lymphocyte-oligodendrocyte contacts and the origin of the "cytoplasmic compartment" in the macrophages of Jimpy white matter.
Nevertheless, the present results may provide some evidence that Jimpy mice suffer from an inherited autoimmune disease.
